Corrosion behaviour of 304SS and TiC-reinforced 304SS in simulated marine environment at 650°C, compared with that of 304SS in air, has been investigated. The corrosion of 304SS in marine environment is more severe than that in air due to the effect of NaCl and water vapor. For TiC-304SS, a finer microstructure and higher dislocation density formed by TiC addition accelerates chromium diffusion. The formation of TiO 2 by the oxidation of TiC possibly assists chromia nucleation and increases the adhesion of chromia scale. As a result, corrosion resistance is increased. However, the corrosion rate of 304SS-6TiC is faster than that of 304SS-2TiC and the possible reason to cause this is discussed.
Introduction
With the development of military field, water traffic and ocean industry, marine corrosion has drawn more and more attention by scientists and steel industries. Many hightemperature parts of naval aircrafts, ships or offshore platform, such as return piping, steam piping, heater exchanger piping and the hot-end of exhaust system, are exposed to the marine environment where salty fog and high humidity are concentrated during their parking time in marine environments. It means that these high-temperature parts will suffer electrochemical corrosion at room temperature during their parking time. At actual working time, salts (e.g. NaCl) accumulated on the surface of the units, could result in NaCl-induced corrosion at high temperature, forming corrosion scales. Also the high concentration of moisture obtained in marine environment will affect the corrosion process of steels at high temperature during the working time. Therefore, the actual working environment is a combination of solid NaCl and water vapor. In addition, when turbine engines work in marine environments, salt from the atmosphere accumulates on turbine blades and the moist air with enough water vapor is assimilated in the machines at the same time, resulting in corrosion caused by both deposited salt and water vapor. 1) It is well known that the oxidation resistance of alloy can be remarkably deteriorated by the addition of NaCl 2, 3) or water vapor 4, 5) in air at high temperature. Therefore, in order to develop high corrosion-resistant alloys in marine environment, extensive studies have been conducted on investigating the corrosion mechanism of pure Fe, 6) Fe-Cr, 7) pure Cr, 8) 1Cr11NiW2MoV 9) and Ti60 10) alloys with solid NaCl deposits in water vapor at 500-700°C. Surface coatings of Ni 3 (AlCr), 11) K38G 12) and Ni-Si 13) alloys have also been used to improve oxidation resistance of these alloys in marine environment.
TiC has been widely used as reinforcement for steels because of its desirable characteristics, such as its high elastic modulus, high melting point and excellent wettability with steels. 14, 15) In recent years, oxidation behaviour of TiC-containing steels has been investigated. 16, 17) According to these results, the oxidation resistance of steels in air can be remarkably improved by TiC addition in the steel. It is therefore reasonable that the addition of TiC in steel can improve the oxidation resistance in marine environment. The 304 stainless steel (304SS) is well known for its excellent creep-rupture strength and oxidation resistance at high temperature. It is widely applied as high temperature structural materials in turbine engine components and other industrial parts in marine environments. TiC-304SS was successfully fabricated in this work. At present, little attention has been given to the effect of TiC on oxidation behavior of steels in marine environment.
In the present study, a detailed investigation has been undertaken to understand the role of TiC particles on oxidation behavior of 304SS by kinetic investigation and microstructure analysis, and this investigation can provide some valuable information to utilize the TiC-304SS in marine environment.
Experimental Procedures
To investigate the influence of different levels of TiC on the corrosion resistance of the 304SS in marine environments, TiC of 2% and 6% (in weight percentage) was introduced to 304SS. The composition of 304SS is listed in Table 1 . A detailed procedure to obtain TiC-304SS is described elsewhere 15, 16) and a basic procedure is summarized below. TiC was introduced to 304SS by adding preformed blocks of titanium, carbon and iron powders into the melt in a vacuum medium frequency induction melting furnace, and then the obtained ingots were remelted by electroslag melting into 120 mm diameter ingots. Finally, the ingots were forged, heat-treated and cut into rectangular coupons, 15 × 10 × 2.0 mm.
Cyclic reactions were applied in the corrosion tests. Each cycle contained four steps. Firstly, a specimen was put inside an Al 2 O 3 crucible and total weight was measured. Then the sample was completely immersed in 3.5 wt.% NaCl solution for 1 h at room temperature in the crucible. Secondly, the NaCl solution was removed by using syringes, and then the crucible with specimen was introduced in the furnace at 650°C for 10 h. After that, the crucible was taken out of the furnace, cooled to room temperature in air and weighted. Lastly, the corroded samples were carefully taken out of crucibles and weighted to get the weight change excluding spalled oxide. The corroded sample was replaced back in the crucible for next cycle reaction by repeating above procedures of immersing in NaCl solution, reacting in furnace and measuring the weight change. Schematic diagram of each cycle is shown in Fig. 1 . Same experiments were repeated three times. Average mass changes per unit area were plotted as a function of cyclic times. The purpose of cyclic tests was to create severe conditions, which simulates the working conditions for the alloys. In order to compare the effect of NaCl and water vapor on the alloys, 304SS reacted in only air without NaCl and water vapor was also conducted.
After reaction, surface morphologies and corrosion products were examined using scanning electron microscope (SEM) equipped with energy-dispersive X-ray spectroscope (EDX). The reaction products were characterized using X-ray diffraction (XRD) to identify corrosion phases. Figure 2 presents the microstructures of specimens. The microstructure of 304SS consisted of large twins and austenitic matrix (see Fig. 2(a) ), while TiC-304SS consisted of fine austenitic matrix and TiC particles (arrowed in Fig.  2(b) ) and small Cr-rich carbides with relatively dark contrast distributed uniformly in the microstructure (Fig. 2(b) ). The chromium carbide observed was a byproduct of SHS reaction due to the existence of carbon in the melt, which was brought by the preformed blocks during melting of 304SS. Unentched samples of 304SS-2TiC and 304SS-6TiC were examined by SEM. Figures 2(c) and 2(d) show the distribution, morphology and size of TiC particles with relatively dark contrast in 304SS-2TiC and 304SS-6TiC, respectively. Most of the TiC particles had a faceted and spherical morphology and were uniformly dispersed in both alloys. The particle size of TiC was in the range 0.1-10 μm, more or less uniformly dispersed. Clearly, more TiC was present in 304SS-6TiC than 304SS-2TiC. A detailed description of microstructures of the alloys studied was reported in the previous papers.
Results

Microstructure of Alloys before Reaction
15,16)
Cyclic Corrosion Kinetics
Weight changes with spalled oxide during cyclic corrosion were compared between air and simulated marine environment in Fig. 3(a) . 304SS exhibited superior oxidation resistance in air and maintained a low oxidation rate in the whole reaction time investigated, while all samples showed a high corrosion rate in simulated marine environment. After 20 cycles, weight gain with spalled oxide of 304SS in simulated marine environment (~19.86 mg/cm 2 ) was 15 times higher than that of 304SS (~1.27 mg/cm 2 ) in air. This indicates that the corrosion of 304SS in marine environments was more serious than that in inland areas. 304SS behaved protectively in air, but suffered breakaway corrosion in simulated marine environment during the whole reaction time. Evidently, the addition of TiC in 304SS had significantly improved the breakaway corrosion and corrosion resistance. Despite initial period of rapid reaction in simulated marine environment, 304SS-2TiC went into parabolic corrosion after about 2 cycles, and 4 cycles for 304SS-6TiC. Comparing two TiC adding steels, corrosion for 2% TiC steels was faster than that of 304SS-6TiC before 10 cycles, but the trend started to reverse after 10 cycles, as shown in Fig. 3(a) . The total mass gain with spalled oxide for 20 cycles was 1.27, 19.86, 15.27 and 16.00 mg/cm 2 , for 304SS in air, 304SS, 304SS-2TiC and 304SS-6TiC in simulated marine environment, respectively. 
Identification of the Phases in the Corrosion Layers
XRD analysis was conducted to determine phases present in the surface corrosion layer. Figures 4(a)-4(c) shows the were detected in the XRD pattern of 304SS in air. As the corrosion time increases for all samples, the peak intensities of Fe-Cr substrate decrease, corresponding to the increase in the thickness of oxides. For two samples in simulated marine environment, the NaCl peak was seen in the corrosion layers due to the solid NaCl deposit on the sample surfaces. For 304SS-6TiC sample, TiO 2 was also found on the surface. Figure 4 (d) shows XRD patterns from the surface of corrosion layers of all tested samples in different environments after 20 cycles. Compared with 304SS in air, no obvious matrix information was found for all samples in simulated marine environment, indicating a thick corrosion layer formation in simulated marine environment. Meanwhile, the FeCr 2 O 4 peak was not also detected for all samples in simulated marine environment, as comparison with 304SS in air. However, information on Na 2 CrO 4 should be detected in the corrosion layer of Fe-Cr steels in NaCl and/or water vapor environments according to the previous reports, 18, 19) which is not in agreement with this research.
Microstructure Investigation of Corrosion Layers
The morphologies of corrosion layers were examined by SEM, as shown in Fig. 5 . After 1 cycle, slight cracking and spalling were observed on the oxidation scale of 304SS in air, as shown in Fig. 5(a) . However, the oxide formed in these locally spalling areas was smooth and dense (see insert in Fig. 5(a) ). The oxide layer was identified to be iron/ chromium oxide by EDX analysis (see Fig. 5(i) ). Increasing reaction time to 20 cycles, a smooth and dense oxide layer was still observed, as seen in Fig. 5(b) .
For 304SS in simulated marine environment, the severe spalling was found on the corrosion layer (see Fig. 5(c) ) and many large voids were shown in the spalled area (see insert in Fig. 5(c) ). The chemical composition of the spalled area by EDX analysis was rich in O, Na and Cr (see Fig. 5(j) ), and suggested that the inner layer was probably composed of Na 2 CrO 4 or combination of Na 2 CrO 4 and Cr 2 O 3 . The outer layer was Fe 2 O 3 according to XRD result and EDX analysis. The corrosion layer which bears large voids in the spalled area developed further to cover almost whole surface after 20 cycles (see Fig. 5(d) ). Addition of TiC to 304SS resulted in the alleviation of the severe spalling phenomenon (see Figs. 5(c), 5(e) and 5(g)) and the decrease of the size of voids (see Figs. 5(d), 5(f) and 5(h)). Compared with 304SS-6TiC, the smaller voids and less spalling occurred for 304SS-2TiC. In addition, many solid NaCl particles were seen on the corrosion layers of samples in simulated marine environment. This information from the Fig. 5 was in agreement with the weight gain kinetics in Fig. 2 . Figure 6 displays cross-sections of 304SS in air and simulated marine environment after 20 cycles. A thin (~6 um), dense and continuous oxide scale was closely attached to the surface for 304SS in air, while a thick (~70 um) cor- Figs. 6 (b)-6(e)), the oxidation scale could be mainly divided into outer and inner layers, as indicated in Figs. 6(d) and 6(e). It is obvious that the outer layer was Fe-rich oxides, while the inner layer was Cr-rich oxides. Severe intergranular oxidation was seen deep inside the substrate of 304SS in simulated marine environment, while intergranular oxide was not clearly found inside the substrate of 304SS in air. From detailed observation of Figs. 6(b) and 6(f), it is interesting that the cracks in the corrosion layer seemed to correspond to the Ni-rich oxides. Figure 7(a) shows the cross-sectional morphologies of 304SS-6TiC in simulated marine environment after 20 cycles. Although many voids were also observed in the corrosion layer, no clear cracks were found. Based on composition analysis by EDX (see Figs. 7(b)-7(f) ), the corrosion layer (~60 μm) mainly consisted of Fe-rich oxides in the outer layer and Cr-rich oxides in the inner layer. Many fine Ti-rich particles were seen in the inner layer and steel substrate but not in the outer layer. This phenomenon could be due to the external diffusion of Fe which leads to the outer scale iron oxide scale where no Ti diffuses there.
Discussion
Corrosion Behavior of 304SS in Simulated Marine
Environment Oxidation behaviour of 304SS in air has been widely reported in the paper. 16, 20, 21) 304SS exhibits superior high temperature oxidation resistance, because the selective oxidation of chromium leads to the formation of a protective Cr-rich oxide layer that inhibits further oxidation reaction. However, in simulated marine environment, 304SS suffer severe corrosion. In the first cycle, all samples would firstly experience slightly electrochemical corrosion in 3.5 wt.% NaCl solutions for 1 h at room temperature. At 650°C for 10 h in the furnace, the small amount of water in the salt would be rapidly evaporated and the solid NaCl would deposit on the sample surface. At the first cycle, the corrosion behaviour had been mainly affected by NaCl, not water vapor because the amount of water on the smooth surfaces of samples was slight. For the following cycles, more water would be reserved in the corrosion layer when emerging in 3.5 wt.% NaCl solution accompanying the growing porous corrosion layer, and then the effect of water vapor could not be ignored in the following cycles. Large number of studies indicate that the presence of water vapor and NaCl have a dramatic effect on oxidation behaviour of chromia-forming alloys at high temperature as compared with the dry condition without NaCl. Many previous papers have reported the oxidation of the stainless steels in solid NaCl and/or water vapor environments. [5] [6] [7] [8] [9] [10] [11] [12] [13] Cr 2 O 3 could first form on the surface of 304SS at 650°C in the furnace due to the selective oxidation. However, chemical reactions between Cr 2 O 3 and NaCl/water vapor occurred shortly after Cr 2 O 3 preliminarily formed, resulting in the formation of incompleted Cr 2 O 3 layer on the surface. NaCl
........... (1)
The HCl and Cl 2 would inwardly diffuse and reacted with Fe, Cr and Ni in the substrate to form FeCl 2 , CrCl 3 and NiCl 2 which would then evaporate due to relatively high vapor pressures. 19, 22) They would outwardly diffuse and reacted with O 2 which inwardly diffused to form Fe 2 O 3 , Cr 2 O 3 and NiO.
Moreover, the Cr 2 O 3 would continue to react with unreacted NaCl on the surface. The fast reaction between NaCl and Cr 2 O 3 would destroy the protective Cr 2 O 3 layer, leaving behind a Fe-rich oxide with relatively poor protective ability. The Fe-rich oxide layer formed on the surface would be very porous due to the evaporation of water vapor, FeCl 2 , CrCl 3 and NiCl 2 and the diffusion of HCl and Cl 2 . In addition, the evaporation of Na 2 Cr 2 O 7 was possible occurred in this case due to relatively high vapor pressure, 3, 23, 24) resulting in no detection of them in XRD analysis. Na 2 CrO 4 was not detected in XRD analysis, possibly due to the low volume fraction. In simulated marine environment, NaCl and water vapor destroyed the protective Cr 2 O 3 layer, and a thick corrosion scale was formed on the surface of samples.
The intergranular oxidation of the 304SS in a simulated marine environment was more severe than that in air, as shown in Fig. 6 . This was mainly because many holes in the corrosion layer were formed due to the volatilization of Na 2 Cr 2 O 7 , water vapor or other chlorides, which provided channels for O 2 diffusion. Cr diffused to the surface and formed a protective scale during the hot corrosion, leading to Cr depletion in the matrix. The diffusion coefficient of Ni was higher than that of Cr in inner oxides when oxygen is sufficient 19, 25) due to Cr depletion and many defeats in the inner layer. So Ni could diffuse to the surface of the inner layer and O 2 was also easily diffused into the inner layer through the poor protective outer Fe-rich layer. Figure 6 (f) showed that the upper part of the inner layer mainly consisted of NiO or/and NiCr 2 O 4 in the corrosion layer. Due to the cyclic corrosion tests, the rapid-changing temperature during cooling and heating caused high thermal stress. The cracks were easily formed during the cyclic corrosion, especially at the interface between the Ni-rich oxides and the corrosion layer. This is possible main reason that the cracks in the corrosion layer seem to correspond to the Nirich oxides.
TiC Addition on Corrosion of 304SS in Simulated
Marine Environment At 650°C, chromium diffusion in the steel is mainly dominated by grain boundary transport. Figure 8 shows the grain size of 304SS and 304SS-2TiC measured by EBSD analysis technology. A much finer structure could be obtained by the addition of TiC into 304SS. In addition, adding TiC to 304SS also increased the density of dislocation (Fig. 9) , which comes from the thermal mismatch strain between the matrix and TiC after the thermal treatment. Both grain boundary and dislocation provided fast-diffusion paths which increase significantly chromium diffusion. This means that the TiC-304SS had higher capability of forming the protective Cr-rich oxide layers when the breakaway oxidation happened, thus quicker healing ability before extensive damage proceeds.
The reaction between oxygen and TiC could also occur to produce CO 2 and TiO 2 during corrosion process at 650°C according to following reaction. Meanwhile, EDX analysis also confirmed that the TiO 2 was formed in corrosion layer. According to oxidation behaviour of TiC-304SS in air, the fine TiO 2 particles dispersed in the scale could act as nucleation sites for chromia formation, thereby accelerating the chromia nucleation and decreasing oxide grain size.
16) Fine grain structure of oxide improves scale plasticity, enabling the scale to relieve high stresses and increase oxide scale adherence. [26] [27] [28] Although the finer grain size of oxide scale formed on TiC-304SS was not observed in simulated marine environment, the formation of TiO 2 by the oxidation of TiC possibly assisted chromia nucleation in this case. In addition, the preexisting TiO 2 particles could also play a pegging effect to increase the adhesion of latterly formed chromia scale. Therefore, the addition of TiC in 304SS promoted the corrosion resistance in simulated marine environment. However, a large amount of CO 2 was also released during oxidation process of TiC, leading to the formation of void in the corrosion layer. This was possible main reason that the size of voids in the scale of 304SS-2TiC was smaller than that of 304SS-6TiC. The phase change from TiC to TiO 2 can induce 55% of volume expansion (V mTiC = 12.14, V mTiO2 = 18.88), 17) resulting the high stress in the scale. It means that the more spalling occurred for 304SS-6TiC than that for 304SS-2TiC due to the relatively high inhomogeneous stress accumulated in some local regions with increasing corrosion time. Therefore, the above explanation was consistent with the experimental measurement of higher rate of oxidation for 6% TiC than for 2% TiC steels after 10 cycles.
In addition, with the introduction of TiC into 304SS, Cr depletion would be accelerated by the formation of Cr-rich carbide inside the microstructure (see Fig. 2(b) ), which resulted in the deterioration of the oxidation resistance of TiC-304SS. However, for TiC-304SS in this work, chromium diffusion played a dominant role on oxidation resistance compared with Cr depletion in the microstructure.
Conclusions
In the presence of NaCl salt and water vapor, the corrosion of 304SS at 650°C was more severe than that in air only. 304SS behaved protectively in air, but suffered breakaway corrosion and a significant spallation in simulated marine environment during the whole reaction time. A much finer structure and higher dislocation density could be obtained by the addition of TiC into 304SS, resulting in the increase of chromium diffusion in 304SS. Also the oxidation of TiC into TiO 2 on the surface possibly accelerate chromia nucleation and increase the adhesion of chromia scale through pre-existing TiO 2 pegging effect. Therefore, TiC addition promoted the formation of protective Cr-rich layer and greatly retarded breakaway oxidation, leading to the smaller mass gain and oxide scale thickness. However, a large amount of CO 2 was also released during oxidation process of TiC, leading to the formation of void in the corrosion layer. Meanwhile, the phase change from TiC to TiO 2 could induce 55% of volume expansion, resulting in the high stress in the scale. Thus the more spalling occurred for 304SS-6TiC as comparison with 304SS-2TiC due to the relatively high inhomogeneous stress accumulated in some local regions with the increasing corrosion time.
